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The Genomic Response of the
Drosophila Embryo to JNK Signaling
closure encompass, among others, the JNKK Hemipter-
ous (Hep), the JNK basket (Bsk) and its substrates, the
transcription factors Jun and Fos, as well as their tran-
Heinrich Jasper,1,2,3 Vladimir Benes,1
Christian Schwager,1 Silvia Sauer,1
Sandra Clauder-Mu¨nster,1 Wilhelm Ansorge,1
and Dirk Bohmann1,2,3 scriptional target, the secreted TGF-type protein Deca-
pentaplegic (Dpp) (reviewed in Kockel et al., 2001; Stro-1European Molecular Biology Laboratory
Meyerhofstr. 1 nach and Perrimon, 1999). Whether changes in gene
expression programs in addition to dpp upregulation69117 Heidelberg
Germany might affect reorganization of the actin cytoskeleton is
not known. To gain a deeper understanding of the biol-2Center for Cancer Biology
University of Rochester Medical Center ogy and complexity of this and other JNK-regulated
processes in the context of an organism, a comprehen-Rochester, New York 14642
sive description of the gene expression programs in-
volved is of key importance. Thus, we embarked on a
genome-wide analysis of JNK-responsive genes in theSummary
developing Drosophila embryo using SAGE (serial analy-
sis of gene expression; Velculescu et al., 2000; Vel-During Drosophila development, the Jun N-terminal
kinase signal transduction pathway regulates mor- culescu et al., 1995; Velculescu et al., 1997).
phogenetic tissue closure movements that involve cell
shape changes and reorganization of the actin cy- Results
toskeleton. We analyzed the genome-wide transcrip-
tional response to activation of the JNK pathway in Transcriptome Analysis in Drosophila by SAGE
the Drosophila embryo by serial analysis of gene ex- A functional genomic analysis of JNK target genes in
pression (SAGE) and identified loci encoding cell adhe- Drosophila is facilitated by extensive bioinformatics re-
sion molecules and cytoskeletal regulators as JNK sources and the powerful genetic tools that are at hand
responsive genes. The role of one of the upregulated in this system. Different approaches to map quantitative
genes, chickadee (chic), encoding a Drosophila pro- changes of the transcriptome have been developed in
filin, in embryogenesis was analyzed genetically. chic- recent years. Microarray-based techniques offer un-
deficient embryos fail to execute the JNK-mediated precedented throughput with the parallel probing of
cytoskeletal rearrangements during dorsal closure. thousands of transcripts. A main disadvantage is that
This study demonstrates a transcriptional mechanism the generated data represent expression ratios, which
of cytoskeletal regulation and establishes SAGE as an only indirectly reflect absolute mRNA abundances. Fur-
advantageous approach for genomic experiments in thermore, microarrays are intrinsically limited to genes
the fruitfly. that have been previously identified or predicted using
computational methods.
Introduction With SAGE, virtually every transcript in a sample RNA
population can be identified and quantitated by generat-
In the fruitfly Drosophila melanogaster, the JNK signal ing specific 14 bp sequence tags from a defined posi-
transduction pathway is best known as a mediator of tion. Concatemers of such tags are then sequenced,
major morphogenetic movements, including embryonic and the frequency with which a given tag is detected
dorsal closure and adult thorax closure (Kockel et al., represents a direct measure of the abundance of the
2001; Stronach and Perrimon, 1999). Impaired JNK sig- corresponding mRNA (Velculescu et al., 1995; Vel-
naling in the developing embryo is associated with insuf- culescu et al., 1997).
ficient actin condensation and failure to generate actin- SAGE in Drosophila has become particularly powerful
based protrusions from the cells of the leading edge of with the availability of the Drosophila genomic sequence
the lateral epidermis, resulting in defective dorsal clo- (Adams et al., 2000). Due to the comparatively small size
sure (Edwards et al., 1997; Jacinto et al., 2000; Martin- of the fly genome (1.2  108 bases of euchromatin), the
Blanco and Knust, 2001; Ricos et al., 1999). 14 bases of a SAGE tag (2.7  108 possibilities) are
Striking similarities at the tissue-morphological, the typically sufficient to locate the respective transcript in
cellular, and the molecular levels can be observed be- the genome without having to rely on further information.
tween wound repair in vertebrates and the aforemen- The dorsal closure process takes place between em-
tioned morphogenetic processes (Grose and Martin, bryonic stages 13 and 16, corresponding to 10–16 hr of
1999; Jacinto et al., 2001), suggesting that Drosophila development at 25C. To capture the relevant changes
dorsal closure might provide a genetically tractable of gene expression involved in setting up and executing
model system for studying the molecular biology of this dorsal closure, we generated SAGE libraries from 4–16
important regenerative event. hr old Drosophila embryos in which the JNK pathway
The signaling components that are required for dorsal was either repressed by the ubiquitous expression of a
dominant-negative form of Basket (BskDN; Weber et al.,
2000) or ubiquitously activated due to expression of a3Correspondence: dirk_bohmann@urmc.rochester.edu, henri_jasper@
urmc.rochester.edu constitutively active form of Hemipterous (Hepact; Weber
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Figure 1. Identification of JNK-Responsive Genes in the Drosophila melanogaster Embryo by SAGE
(A–E) Cuticular phenotypes of the embryos used for the preparation of SAGE libraries. Embryos expressing the armadillo GAL4 (armG4) driver
alone (A) display a wild-type cuticle phenotype. UAS hepact/; armG4/ embryos (C) resemble mutants homozygous for the puckered null
allele pucE69 (B). Embryos expressing bskDN under the control of armG4 (E) show classical dorsal closure phenotypes as seen for example in
embryos devoid of Hep function (hepr75/hepr75) (D).
(F) Graph showing the distribution of up- or downregulated genes when comparing the hepact to the wild-type library. Note that the majority
of tags are present in similar numbers in both libraries (values between 3 and 3). Correlation coefficients between libraries are as follows:
hepact/wt: 0.86; hepact/bskDN: 0.78; wt/bskDN: 0.93.
et al., 2000). A library from wild-type embryos was pre- downregulated in the hepact library. Of these tags, 44
were upregulated and 27 were downregulated more thanpared as a reference. The expression of the transgenes
was dependent on Gal4 that was expressed ubiquitously 10-fold. A similar picture arose when comparing the
hepact library to the wild-type library: 278 tags wereunder the control of the armadillo promoter starting at
around 4.5 hr after egg laying (Sanson et al., 1996). upregulated (36 more than 10-fold), while 267 were down-
regulated (with 29 more than 10-fold; Figure 1F). MostThe effect of the BskDN and Hepact molecules on the
transcription of target genes was therefore limited to SAGE tags that were differentially represented in the
bskDN and hepact libraries were present at intermediatethe period of embryogenesis relevant for dorsal closure.
The developmental defects generated by expression levels in the wild-type control (see Table 1 and Supple-
mental Data [http://www.developmentalcell.com/cgi/of BskDN phenocopied mutants lacking components of
the JNK pathway (Figures 1D and 1E; Stronach and content/full/1/4/579/DC1]). For the complete set of
SAGE data generated, see Supplemental Data. ExcelPerrimon, 1999). Similarly, embryos expressing Hepact
resembled puckered (puc) mutants and displayed a JNK workbook 1 includes tables of tags and their frequency
of occurrence in each library. Workbook 2 contains again-of-function phenotype (Figures 1B–1C; Martin-
Blanco et al., 1998). Thus, we expected transcripts reg- table comparing the frequencies of tags across all three
libraries. Workbook 3 carries tables of up- and downreg-ulated by JNK signal transduction to be differentially
represented in these embryos. Employing dominantly ulated tags with their annotation.
For the annotation of SAGE tags in Drosophila, weacting transgenes (instead of homozygosity for a loss-
of-function allele) made it possible to use large numbers generated a database containing the predicted tags for
the 13,601 genes annotated by the Berkeley Drosophilaof isogenic embryos for the analyses.
Approximately 10,000 tags from each of the three li- Genome Project (Adams et al., 2000). Additionally, we
employed the USAGE website (van Kampen et al., 2000)braries were sequenced, and among the combined data
8,180 different tags were identified. A comparison of the to generate a Drosophila tagmap from GenBank data
(both databases included in Supplemental Data [http://datasets indicated that most transcripts were repre-
sented at very similar levels in all three libraries (Figure www.developmentalcell.com/cgi/content/full/1/4/579/
DC1] as Microsoft Access files). Using these databases,1F). We considered a tag to be significantly up- (or down-)
regulated when its number differed by 3-fold or more we could annotate more than 50% of all tags present
in the three libraries. Interesting (i.e., differentially ex-between the two compared libraries. When a given tag
was absent in one library, but present three times or pressed) nonannotated tags were submitted to a BLAST
search against the Drosophila genome to identify unpre-more in the comparison library, that tag was also consid-
ered to be upregulated. In comparing the hepact and the dicted transcription units. This analysis permitted the
additional annotation of around 50% of these tags.bskDN libraries, 312 tags were upregulated and 322 were
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Figure 2. Expression of JNKK-Responsive Genes in the Embryo
RNA in situ hybridization and RT-PCR on selected mRNAs confirm their inducible expression upon ubiquitous JNK signaling. Whole-mount
in situ hybridizations were performed using probes specific for IMP-L1 (A–D), CG5080 (F–I), and chickadee (chic, K–N). The genotypes of the
embryos subjected to this analysis are indicated in the upper left corner of each row. The number of tags corresponding to the respective
transcript among the approximately 10,000 analyzed in each library are shown in the upper right corner of each panel. Tag numbers shown
for chic are derived from two tags corresponding to transcripts with alternative 3 ends. Note the increased expression of the examined genes
in Hepact-expressing embryos (C, H, and M) and their reduced expression in BskDN expressing (B, G, and L) and in hep mutant (D, I, and N) embryos.
(E, J, and O) RT-PCR analysis using whole embryo RNA from the described genotypes (DN: armG4/UASbskDN; Hep: UAShepact/;armG4/).
As an internal control, RNA levels of rp49 were analyzed. -RT designates control reactions performed in the absence of reverse transcriptase.
These figures indicate that the annotation error rate with target genes in Hepact-expressing embryos relative to
wild-type or BskDN-expressing embryos was apparent.regard to exon boundaries in the present release of
the Drosophila genome data is at least 25%, which is Three examples are shown in Figure 2. IMP-L1 (Figures
2A–2E), a secreted molecule of unknown function, isconsistent with estimates by others (Reese et al., 2000).
The information provided by SAGE experiments will, inducible by ecdyson (Natzle et al., 1992) in addition to
the JNK responsiveness shown here. CG5080 (Figurestherefore, facilitate genome annotation, especially con-
cerning the 3 ends of transcribed regions. Roughly 25% 2F–2J) has homologies to profilaggrin and paramyosin
and thus might encode an actin binding protein or aof all tags could not be annotated possibly due to poly-
morphisms or sequencing errors and gaps in the pub- protein involved in intermediate filament assembly. The
third gene shown, chickadee (Figures 2K–2O), encodeslished genomic sequence.
In order to independently verify the SAGE data, we a Drosophila profilin, an actin binding protein involved
in the regulation of cytoskeletal dynamics (Pollard et al.,performed RT-PCR analyses of some of the identified
mRNAs (see Figure 2 for examples). The quantitation of 2000).
Consistent with the SAGE data, all three genes show25 representative mRNAs confirmed the SAGE data in
all cases but one (see Table and data not shown). increased expression upon ubiquitous activation of the
JNK pathway and reduction of their endogenous expres-To further corroborate the results of the SAGE analy-
sis, RNA in situ hybridization experiments for several of sion in BskDN expressing embryos (Figure 2). Importantly,
the expression of these genes is also clearly reduced inthe identified Hep-responsive mRNAs were performed.
In all cases where an informative signal could be de- hep mutant embryos (Figures 2D, 2I, and 2N), confirming
that the downregulation is a consequence of impairedtected, a clear increase in the expression of the putative
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Table 1. JNK-Responsive Genes Encoding Cytoskeletal Regulators and Cell Adhesion Molecules or Gene Products Previously Known
to Interact with JNK Pathway Components
Tag Sequence bskDN WT hepact Gene Name RT-PCR Function/Note GadFly Ann.
TGCATCAGAA 0 1 7 Sec61beta  Suppressor of cJunAsp Fban0010130
AGGAGGCCAC 0 0 4 IMP-E1 ND JNK-inducible gene Fban0007116
TCCGGAAAGG 1 0 6 Angiotensin conv. enzyme (Ance)  Fos target in amnioserosa FBan0008827
GCCAAGGAGT 0 0 3 TGF-activated kinase (tak1)  JNKK activating kinase FBan0001388
TCCACCGAGT 0 3 12 CG5080  cytoskeletal regulation FBan0005080
TCTCTCGACC 0 1 7 chickadee (chic/alternative 3UTR)  cytoskeletal regulation
GCGCTGCTGG 0 1 7 gp150  cell adhesion FBan0005820
GAGCTGGAGG 1 0 12 Tropomyosin2 (Tm2)  cytoskeletal regulation FBan0004843
AAACGCCCCC 0 2 5 CG9211 (neogenin-like protein)  cell adhesion FBan0009211
CCAATGGCTT 0 0 5 Amalgam  cell adhesion FBan0002198
ACGCTCGGCC 0 1 4 EG:8D8.7  cell adhesion FBan0011415
ACTACCAGGG 0 1 4 Cortactin  cell adhesion/signal transduction FBan0003637
AGCAAGAAGC 0 0 4 RalA  cytoskeletal reg./signal transduction FBan0002849
CAATGGCACT 0 0 4 CG12191 (adhesion molecule L1.1) ND cell adhesion FBan0012191
CCCAGCTCCT 0 0 4 CG3599 ND cell adhesion FBan0003599
GGGCAGCCTT 0 0 4 myospheroid (mys)  cell adhesion FBan0001560
GATCCCGAGG 1 2 7 myosin alkali light chain 1 (mlc1) ND molecular motor FBan0005596
ACCGTGGTGG 1 2 6 CG12908 (nidogen-like) ND cell adhesion FBan0012908
ACCCCAGAGA 0 2 3 wings-upA/troponin I (wupA) ND cytoskeletal regulation FBan0007178
ACGTTAGTGT 0 0 3 CG9128 (synaptojanin)  signal transduction/endocytosis FBan0009128
AGGCAGCAGT 0 1 3 CG1017 (microfibrillar-associ. prot.) ND cell adhesion FBan0001017
GCAAAAAAAA 0 0 3 Troponin C at 73F (TpnC73F) ND cytoskeletal reg./calcium binding FBan0007930
GTTGAAGCCG 0 0 3 Tropomyosin1 (Tm1) ND cytoskeletal regulation FBan0004898
TATCTGTCCA 0 3 3 myosin light chain 2 (mlc-2) ND cytoskeletal regulation FBan0002184
AAGGAGGTTG 3 9 14 myosin ligh chain 2 (mlc-2) ND cytoskeletal regulation FBan0002184
AAGACAACAC 2 5 9 chickadee (chic)  cytoskeletal regulation FBan0009553
GGCTCCAACA 0 1 3 IMPL2 ND cell adhesion FBan0015009
TCGCAGAGCG 0 0 3 tiggrin ND cell adhesion/integrin binding FBan0011527
TCCTTTCCGT 2 1 7 steamer duck (stck) ND cytoskeletal reg./transcription factor FBan0007954
For each tag, the number of hits in the three libraries and its corresponding gene are listed. Using the Gadfly annotation number, comprehensive
information on gene function, alleles, interacting genes, etc., can be retrieved at http://www.fruitfly.org/annot/index.html. Genes known to
interact with JNK pathway components are printed in bold. Where experimental data are not available, function was implied by homology.
Semiquantitative RT-PCR was used as an assay to validate SAGE data. Validation is indicated by (ND, not determined;, weak upregulation
seen in hepact). See additional information for literature describing the functional involvement of the listed molecules and their connection to
JNK signaling.
JNK signal transduction and not an unspecific side ef- now the only known JNK-responsive genes, were not
fect of BskDN expression. among them. Despite a significant upregulation of both
These experiments also showed that, although in- dpp and puc in Hepact-expressing embryos as detected
duced by a ubiquitous JNK signal, the patterns in which by RT-PCR (data not shown), significant numbers of
increased expression could be detected were different the corresponding tags were not obtained in the SAGE
for many of the genes examined. Evidently, the respon- experiment (0/0/1 for puc and 0/0/0 for dpp in the bskDN,
siveness of a given gene to Hep activity is highly depen- wt, and hepact libraries, respectively). The absence of
dent on the cellular context and developmental stage. dpp and puc in our analysis is due to the low expression
The Hepact-induced overexpression shows spatial and levels of these regulatory transcripts. To generate statis-
temporal restrictions similar to the expression pattern tically relevant SAGE data for such rare messages,
of the respective mRNAs in a wild-type situation (Figure greater numbers of tags will have to be sequenced.
2 and data not shown). These results suggest that Consistent with the proposed role of JNK signaling in
JNK-inducible transcription factor(s) act in concert with reorganization of the actin cytoskeleton, our analysis
other regulators to contribute in a combinatorial manner identified several cytoskeletal regulators as JNK target
to the spatiotemporal domain of JNK-responsive gene genes (Table 1; Supplemental Data, Table 2 [http://
expression. A similar combinatorial control of gene ex- www.developmentalcell.com/cgi/content/full/1/4/579/
pression in Drosophila has recently been reported for DC1]). One example is the Drosophila homolog of the
other signaling pathways (Guss et al., 2001). profilin gene, chickadee (chic), which is strongly upregu-
lated in Hepact-expressing embryos (Table 1; Figure 2).
Although mutants for chic have been described as de-Regulation of the Actin Cytoskeleton and Cellular
fective in a number of actin-dependent processes (Ver-Adhesiveness by JNK Signaling
heyen and Cooley, 1994), a role in dorsal closure hasAmong the upregulated genes identified, several were
not yet been reported. We therefore examined mutantsknown from previous studies to interact genetically or
lacking chic function. In addition to pleiotropic defectsbiochemically with components of the JNK pathway or
observed in cuticle preparations, about 30% of theseto be required for embryonic dorsal closure (Supplemen-
embryos secreted a very thin cuticle with obvious dorsaltal Data, Table 1 [http://www.developmentalcell.com/cgi/
content/full/1/4/579/DC1]). However, dpp and puc, until closure defects (a strong example is shown in Figure
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Figure 3. chic as an Effector of JNK Signaling during Dorsal Closure and Actin Reorganization
Approximately 30% of all chic221/chic221 embryos exhibited mild or strong dorsal closure defects in cuticle preparations (A). Note the thin
cuticle of this embryo, indicating a later requirement of chic for cuticle deposition. Immunostaining of chic heterozygous (B) and chic
homozygous embryos (C) at stage 14–15 with anti-Fasciclin 3 (outlining individual cells) reveals incomplete cell stretching and misalignment
of the two lateral epidermal cell sheets during closure of the mutants. (D and E) Male embryos from crosses of hep1 homozygous females to
wild-type males die with mild dorsal closure defects (arrows in [D] and [E] demarcate the length of the dorsal hole). Only 30% of these embryos
fail to close the four posterior segments (phenotype as in [E]). This phenotype increases to over 60% in dead embryos from crosses of hep1
homozygous females to chic221/CyO males. A quantification of these genetic interaction experiments is shown in (F). Averages and standard
deviations are shown for three independent crosses. Total number of cuticles scored was n  885 for hep1/hep1  chic221 and n  463 for
hep1/hep1  OreR. The mutant phenotype of Hepact-expressing embryos (G) is suppressed in a chic heterozygous background (H). (I–O) TRITC
Phalloidin-staining visualizing the distribution of filamentous actin throughout the embryo. The prominent actin cable present in both wild-
type (I and M) and hepact/;armGal4/ (K) embryos is much less pronounced in embryos with decreased JNK activity (L and O) as well as in
chic221 mutants (J and N). Note the ectopic foci of actin polymerization throughout the lateral epidermis in embryos with increased JNK activity
(arrows in [K]). Actin-based filopodia emanate from leading edge cells in wild-type embryos (arrows in [M]) but not in chic or hep mutant
embryos (N and O).
3A). The lateral epidermis failed to stretch normally dur- whether chic and hep mutations interact genetically.
When female flies homozygous for the X-linked hypo-ing the closure process, confirming that the defects de-
tected were not secondary effects caused by the weak morphic mutation hep1 are crossed to wild-type males,
the male offspring dies with mild dorsal closure defects:cuticle (Figures 3B and 3C).
To further investigate the proposed role of chic down- only 30% of these embryos are completely open (as
shown in Figure 3E), whereas in the remaining 70%,stream of JNK signaling in dorsal closure, we analyzed
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the segments a5–a8 close normally (they are “anterior Another group of upregulated genes encodes cy-
toskeletal regulators and cell adhesion molecules thatopen”; see Figure 3D). In contrast, when hep1 homozy-
gous females are crossed to chic221 heterozygous males, represent good candidates for effectors of the JNK-
mediated morphogenetic processes during Drosophilathe dorsal open phenotype is enhanced and the number
of completely open embryos in the offspring is increased development. This suggests that the coordinated induc-
tion of these genes by JNK is crucial for the executionto around 65%. Thus, the gene dose of chic becomes
critical in embryos with compromised hep function (Fig- of dorsal closure. The induced gene products might
directly control the dorsal closure process or create aures 3D–3F). In an independent experiment, we found
that in chic heterozygous embryos the phenotypic ef- permissive state that allows the morphogenetic events
to occur.fects of Hepact expression are suppressed (Figures 3G
and 3H). Together with the molecular data, these genetic We functionally characterized one example, the pro-
filin-encoding gene chic, in more detail. Remarkably, theinteractions suggest that chic is required downstream
of hep for normal dorsal closure. results of the SAGE experiment correctly predicted the
function of profilin as an effector of JNK in dorsal clo-
sure. The phenotype of chic mutant embryos indicates
Profilin Is Required for Cytoskeletal Rearrangements that profilin acts downstream of JNK signaling to induce
during Dorsal Closure filopodia formation in the leading edge cells and to gen-
To understand the cellular function of Hep-induced chic erate or stabilize the actin cable during dorsal closure.
expression in the embryo in more detail, we analyzed Both of these events are regarded as essential for the
the actin cytoskeleton in the relevant genotypes (Figures dorsal closure process. These findings suggest that the
3I–3O). Hepact-expressing embryos display ectopic foci upregulation of profilin by the JNK pathway is an essen-
of actin polymerization among the lateral epithelial cells tial event of dorsal closure and provides an example of
and show increased actin polymerization in leading edge how, at least in the developmental context studied here,
cells, resulting in a stronger actin cable compared to cytoskeletal organization can be influenced by a tran-
wild-type embryos (Figures 3I and 3K). In contrast, the scriptionally controlled mechanism. Detailed analyses
leading edge of embryos lacking JNK activity shows a of the other identified JNK-responsive cytoskeletal reg-
less prominent actin cable overall, which is occasionally ulators and cell adhesion molecules will provide a more
disrupted (Figures 3L and 3O). Significantly, the same comprehensive view of the mechanisms by which cell
phenotype can be observed in chic mutant embryos sheets approach each other and fuse in a signal-depen-
(Figure 3J), consistent with Chic and Hep acting in the dent, directed, and ordered manner.
same pathway. This study illustrates the possibilities of applying novel
Actin-based filopodia that extend dorsally from wild- genomic methods to the analysis of signaling during
type leading edge cells have been proposed to mediate development of multicellular organisms. The synergism
the movement and proper alignment of the lateral epi- of combining the “awesome power of genetics,” as ap-
dermal sheets during dorsal closure (Jacinto et al., 2000; plied in Drosophila, with functional genomic approaches
reviewed in Martin-Blanco and Knust, 2001). In hep- including SAGE will continue to expand our understand-
deficient embryos, these structures do not form. chic ing of the development and function of organisms at
mutants share this phenotype and show an almost com- the molecular level.
plete lack of these filopodia (Figure 3N), indicating that
this defect is a consequence of insufficient profilin ex- Experimental Procedures
pression in JNK pathway mutants.
Fly Strains and Genetics
Fly strains used in this study were the following: w;;UASbskDN and
Discussion w;UAShepact (Weber et al., 2000), gifts from M. Mlodzik; chic221 cn1/
CyO; ry506 (Verheyen and Cooley, 1994), obtained from the Blooming-
ton stock center; hep1/FM6 and hepr75/FM6 (Glise et al., 1995), giftWe analyzed the genome-wide transcriptional response
from S. Noselli. Crosses were performed at 25C. After overnightto JNK signaling in the Drosophila embryo by SAGE and
deposition on apple juice plates, embryos were aged at 25C. Em-identified several hundred genes that are either up- or
bryonic cuticles were prepared using standard methods.
downregulated by this signal transduction pathway. The For the generation of SAGE libraries, we used embryos derived
finding that this set includes genes known to be involved from crosses of homozygous w;UAShepact or w;;UASbskDN females
with homozygous w;;armG4 males to avoid any heterogeneity in thein JNK-dependent processes based on prior genetic stud-
embryo population and to have a sufficient quantity of isogenicies strongly supports the validity of the generated data.
embryos for RNA isolation. For the preparation of the wild-typeThe genes that are identified by this analysis to be
library, embryos derived from w1118 females crossed to w;;armG4upregulated by the Drosophila JNK pathway can be
homozygous males were used.
grouped into several functional classes. One of these The analysis of hep mutants (Figures 2 and 3) was performed with
encompasses genes that, by homology, can be impli- embryos derived from crosses of hepr75/hep1 females with hep1/y
males.cated in cellular stress responses (see Supplemental
Data, Table 3 [http://www.developmentalcell.com/cgi/
Serial Analysis of Gene Expressioncontent/full/1/4/579/DC1]). This finding confirms a con-
Serial analysis of gene expression was performed as described (Stserved role for JNK in the cellular defense against exoge-
Croix et al., 2000; Virlon et al., 1999), with minor modifications. Anous insults as previously predicted (Goberdhan and
detailed protocol is included in Supplemental Data [http://www.
Wilson, 1998) and shows that, similar to its vertebrate developmentalcell.com/cgi/content/full/1/4/579/DC1]. Briefly, total
homologs, Drosophila JNK mediates multiple biological RNA from dechorionated embryos was purified with Trizol (GIBCO).
Dynabeads pdT (100 l; Dynal) were used to isolate pA RNA fromfunctions.
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